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ABSTRACT
Virginia, once the leading oyster producer in the United States, has suffered a
major decline in shellfish production since the 1960's (Mann et ah, 1991; Hargis and
Haven 1988). This decline has caused economic and ecological loss to the Chesapeake
Bay system. Because the failure o f the Commonwealth to take remedial actions to
preserve its oyster and clam industries could lead to the end o f direct shellfish harvests
from Virginia waters (General Assembly of Virginia, 1993), the Commonwealth has
made a commitment to restore the shellfish population in Virginia waters. Options
suggested include testing the suitability of a disease resistant non-native species,
Crassostreci gigas (Mann et al., 1991), introducing on-shore depuration of oysters taken
from moderately polluted grounds, designating shellfish culture areas with measures to
maintain water quality in those areas (SENTAF, 1991), and culturing shellfish
off-bottom.
This project focuses on development of a protocol for shellfish culture area (SCA)
designation. The advantage o f designating SCA is that extra protection would be given to
specified growing areas. The research includes an assessment o f the data available to
support designation of SCAs, testing application of the designation protocol, and
evaluation of the relationship between land use and fecal coliform levels. In addition,
this project analyzes the distribution patterns of the suitable areas in the York River
estuary and Mobjack Bay and discusses management implications of the spatial analysis.
A Geographical Information System (GIS) running ARC/INFO software was
used to identify areas most suitable for shellfish culture area designation; in the study
area, the distribution of disease and shellfish condemnation zones leave no optimal sites
for shellfish culturing. Given the spacial and temporal limitations of the biophysical data
collected, the results of an analysis of fecal coliform distribution and land use do not
support the notion that identification of particular land use which will improve or insure
preservation of water quality (as indicated by fecal coliform levels).

SHELLFISH CULTURE AREA DESIGNATION
PROTOCOL DEVELOPMENT

INTRODUCTION
State of the Shellfish Industry
Virginia, once the leading oyster producer in the United States, has suffered a major
decline in shellfish production since the 1960's (Mann et al., 1991; Hargis and Haven 1988).
Today, the Virginia harvest is far below the pre-1960 level. In the 1960's and 1970's, the
average annual oyster landings declined, and the 1991-92 season fell to an all time low. The
decline of the oyster population in the Chesapeake Bay has left the oyster industry in the
Commonwealth o f Virginia in near collapse (Kirkley et al., 1994; Paynter et al., 1992).
Declines in harvest have been attributed to a variety of factors including years of harvest
pressure, increased pollution, deadly pathogens, degradation of water quality, loss of habitat
as a result o f land use, and neglect o f potentially productive grounds (Chesapeake Bay
Program Monitoring Subcommittee, 1989; Chesapeake Executive Council, 1988; Hargis and
Haven, 1988). This decline has caused economic and ecological loss to the Chesapeake Bay
system. A failure of the Commonwealth to take remedial actions to preserve its oyster and
clam industries could lead to the end o f direct shellfish harvests from Virginia waters
(General Assembly o f Virginia, 1993).
Many areas suitable for shellfish production have been lost or closed due to pollutants
and bacteria. In the mid-Atlantic, causes o f shellfish bed closures reflect a more suburban
or rural character, i.e. only 52 percent attributed to wastewater treatment facilities and 42
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percent to urban runoff (Leonard et al., 1989). Other sources affecting Mid-Atlantic waters
were boating activities and marinas, wildlife, agricultural runoff and septic systems. The
parasitic diseases MSX (Haplosporidium nelsoni) and dermo (Perkinsus marinus) have
recently thrived as high salinity waters have spread to upper areas of the Bay as a result of
drought years (Hargis and Haven, 1988). It generally takes 3 years for an oyster to reach
market size in the wild, and these diseases strike the oyster around the age of two.
Waters which could support shellfish are under pressure from competing uses.
Improvements in sewage treatment have opened some waters to harvest, whereas increased
use o f the coastal zone through coastal development, housing, boating, and recreation have
closed waters (Leonard et al.,1989). Development contributes its own pollution that keeps
fecal coliform levels high. This is possibly a result of On-Site Waste Disposal Systems
(OSWDS), which are hypothesized to be a non-point source for this contamination (Schima
et al.,1994).
Shellfish play an important role in the ecology o f Virginia's tidal waters, and the
decline in the shellfish population threatens the water quality of the Chesapeake Bay since
mollusks filter suspended solids and associated pollution out of water. When abundant, as
they once were in the Bay, oysters played at least two dominant ecological roles. First, large
populations o f these bivalves can filter immense quantities o f water. It is estimated that prior
to heavy exploitation by man, oysters had the capacity to filter the entire volume of the Bay
in only a few days (Chesapeake Bay Program Monitoring Subcommittee, 1989). Present day
populations need approximately 325 days to accomplish this task (Kennedy, 1991; Mann et
al., 1991). Much o f the suspended matter was removed by oyster filtration, which greatly
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reduced algal concentrations (Newell, 1988). In another study, Newell (1988) calculated a
two order of magnitude decrease in filtration capacity compared to pre-1870 oyster stocks.
The increased light penetration, curtailment of the phytoplankton population and high
rates o f dissolved and particulate waste production by oysters likely had profound effects on
the ecosystem. The particulate wastes helped to nourish bottom-dwelling deposit feeders
while dissolved wastes resupplied nutrients to algae. Another ecological role for oysters is
a by-product o f their hard shells (Kennedy, 1991; Chesapeake Bay Program Monitoring
Subcommittee, 1989). These shells act as substrate for many organisms including barnacles,
mussels, anemones, sponges, and worms. Like oysters, most of these animals are filter
feeders and their abundance amplifies the effects of oyster filtration. Although man has
created substitute habitats for some o f these creatures by building piers, bulkheads, and
revetments, it is unlikely that man-made structures have fully replaced either the quantity or
quality o f habitat once provided by the oyster bars (Chesapeake Bay Program Monitoring
Subcommittee, 1989). Oysters are also sensitive environmental indicators in that they
concentrate contaminants and show rapid responses to fluctuations in temperature and
salinity (Chesapeake Executive Committee, 1988).

Importance o f Shellfish Industry
The shellfish industry has been an important component o f Virginia's economy
(General Assembly o f Virginia, 1993). Oysters traditionally have been among the Bay's
most valuable living resources in terms of dockside value and the net economic impact of
the industry they support (Chesapeake Executive Council, 1988). The drop in oyster
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landings has resulted in the decline of industry and related enterprises. The current depressed
condition of the oyster industry is of great concern due to the historical economic importance
o f oysters.

In addition, oysters have sociological importance because they support a

traditional way of life affecting many people and communities around the Chesapeake Bay.

Commitment to Restore the Shellfish Industry
The Commonwealth has made a commitment to restore the shellfish population in
Virginia waters. In the 1993 Session o f the General Assembly of Virginia, House Joint
Resolution No.535 requested the Chesapeake Bay Commission to study the condition o f the
shellfish industry in the Commonwealth. The shellfish industry includes the wild harvest
o f clams, oysters, and other commercially marketable mollusks and the culture and
processing o f these species for wholesale or retail sale. The consensus findings of the House
Joint Resolution No. 535 are that restoration of the industry should occur within the next ten
years. Not all components o f the shellfish industry are in decline, however, the current
depressed condition o f the oyster industry is of greatest concern due to the historical
importance o f oysters to the industry at large. Both the Blue Ribbon Panel on the Oyster
Industry and the Shellfish Enhancement Task Force, which were set up by the Commissioner
o f Marine Resources, have recommended that programs be established to improve
management o f oyster resources in the Commonwealth (General Assembly of Virginia,
1993).
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Suggestions for Options
Substantial amounts o f money and effort have been invested in an effort to maintain
harvestable stocks o f oysters through seed and shell repletion programs. Oyster management
efforts have also included seasonal closure, gear restrictions, catch limits, and other
management strategies. Despite these management efforts, the oyster harvests continue to
decline. Several other options have been suggested for revitalizing the shellfish industry.
Just as declines are attributable to a variety o f factors including a combination o f disease,
poor recruitment, and harvest pressure, restoration of the industry will only come from
progress in a variety of areas including disease research, proper management, and habitat
management (SENTAF, 1991). Options suggested include testing the suitability of a disease
resistant non-native species, Crassostrea gigas (Mann et al., 1991), introducing on-shore
depuration of oysters taken from moderately polluted grounds, culturing shellfish off-bottom,
and designating shellfish culture areas with measures to maintain water quality in those areas
(SENTAF, 1991).
At the present time introduction of non-native species is not currently allowed. The
1992 SENTAF report (SENTAF, 1992) suggests that because no Virginia businessmen have
ever been given a permit to operate depuration plants, there is no practical experience with
on shore cleansing of shellfish raised in polluted water.

Off-bottom oyster culture in

Virginia is a relatively young industry, and shellfish culture area designation has not been
tried.
The National Shellfish Sanitation Program (NSSP) classifies estuarine waters for the
commercial harvests of oysters, clams, and mussels based on presence of actual or potential
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pollution sources and coliform bacteria in surface waters. The Quality of Shellfish Growing
Waters on the East Coast provides information on health and use o f coastal waters for
national and regional decision makers. About 6.6 million acres, or 82% of east coast
classified waters were approved for the harvest of molluscan shellfish in 1985 (Leonard et
al., 1989). Only about 36% o f these classified waters provide potential shellfish habitat. O f
the 1.3 million acres o f Chesapeake Bay classified as approved waters by the Commonwealth
o f Virginia, 413,000 acres are potentially productive. Public oyster grounds (Baylor Survey
Grounds) cover 243,000 acres o f the Bay and tributaries (Leonard et al., 1989).

An

additional 110,000 acres outside the public grounds are privately leased for oyster
cultivation. Much of the approved areas are not productive because of extreme salinity, or
lack of suitable depth, substrate or habitat for shellfish. As a result, many open water areas
of the Chesapeake Bay which are waters approved for harvest of shellfish are largely
nonproductive.
The NSSP ensures the safety of shellfish for human consumption by preventing
harvest from waters that may contain pathogenic organisms or other contaminants. The
purpose of NSSP shellfish growing water classification is to protect the public's health.
Waters are classified as either approved, conditionally approved, restricted, or prohibited for
harvest based on health criteria. This type of classification does not address the issue of
protection o f suitable or potentially suitable shellfish growing areas.

Shellfish Culture Area Designation
The advantage o f designating shellfish culture areas (SCA) is that extra protection
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would be given to selected growing areas. Once identified, those areas which are suitable
or potentially suitable for shellfish culture can be maintained and managed as such. The first
steps toward designating shellfish culture areas and restoring and maintaining water quality
is developing a protocol for identifying areas which are suitable for shellfish culture
designation and designing a program that could be implemented throughout the Bay.
This project focuses on development of a protocol for SCA designation. The research
includes an assessment o f the data available to support designation and testing application
o f the protocol. The project also further evaluates the relationship between land use and
fecal coliform levels.

The objectives of this work are to:
1) Develop a protocol to identify areas suitable for Shellfish Culture Area (SCA)
designation using Geographical Information Systems (GIS) and existing data sets;
2) Assess and discuss the limitation to SCA designation imposed by precision o f
existing data sets;
3) Analyze the distribution patterns of the suitable areas in the York River estuary
and Mobjack Bay, and discuss management implications of the spatial analysis.

LITERATURE REVIEW

LITERATURE REVIEW
I. Current Management Practices
The current management practices o f many states include ensuring that shellfish
taken from water are safe for human consumption. In the state of Virginia, this is the
responsibility of the Department o f Health through the Division of Shellfish Sanitation.
The Division of Shellfish Sanitation regulates the harvest of shellfish and inspects
shellfish processing operations. Because shellfish concentrate pollutants to levels much
higher than observed in water, the water quality standards are strict. Harvest from grossly
polluted areas is not permitted at any time, and there is a permanently condemned area
around the outfall of industrial wastewater treatment facilities. Areas adjacent to marinas can
not be classified as approved areas because o f the biological and chemical contaminants
associated with marina facilities. Shellfish from moderately polluted areas may be harvested
if they are cleansed by relaying them to clean waters or treatment in controlled environments,
such as a depuration plant.
The Interstate Shellfish Sanitation Conference, which consists of members from
federal and state regulatory agencies formulate the procedure for identification of shellfish
waters. These procedures are incorporated in the National Shellfish Sanitation Program
(NSSP), which is run by the Federal Food and Drug Administration (FDA). The FDA
regulations and water quality standards are set by the National Shellfish Sanitation Program
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(NSSP).
The Division o f Shellfish Sanitation uses the NSSP Manual Part#l. Growing Areas
Survey and Classification to determine areas for legal harvest. Prior to allowing harvest, an
evaluation survey must be conducted to determine the suitability for growing area
classification. The State Health Department uses fecal coliform levels as a standard for water
quality.
Shellfish are sensitive to water quality conditions. Stormwater and land runoff carry
pollutants that force health officials to close shellfish beds to harvest for human consumption
temporarily or permanently. The most common of these pollutants are bacteria and viral
disease organisms. Fecal coliform levels are used as indicators o f concentrations of these
other organisms. Most harvest restrictions are due to fecal coliform contamination. The
geometric mean fecal coliform count of approved growing waters in Virginia must be no
higher than 14 MPN (most probable number) per 100 milliliters of water. MPN is a
statistical estimate of the number o f fecal coliform organisms in the water using the results
o f laboratory incubations. The higher the fecal coliform count, the greater the likelihood that
disease causing organisms are present. Waters are monitored and classified according to
'harvestabilty'.
The Virginia Marine Resource Commission (VMRC), the lead agency for
management of shellfish resources, provides the enforcement component of this program and
marks the prohibited/condemned areas. VMRC sets the time and size o f harvest and issues
licenses. VMRC issues leases to allow citizens and corporations to conduct shellfish culture
on a specific portion of the bottom.
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The current monitoring programs o f the Virginia Department of Health determine
which areas are approved and which areas are closed for shellfish harvest. The Virginia
Shellfish Enhancement Task Force (SENTAF) suggests that there is a need to develop new
ways to manage growth and activities on land and water. The model suggested for the
Commonwealth is Shellfish Culture Area designation. To date, protocol for this program has
not been developed.
Compared to the maximum fecal coliform level for swimmable waters,

200

M PN/100 mL of water, shellfish require pristine water, less than 14 M PN/100 mL o f water,
if they are to be harvested and sent directly to market, and relatively high water quality, less
than 88 MPN/100 mL of water, is needed if the shellfish are to be cleansed before marketing.
Given these stringent water quality requirements, SENTAF believes that special efforts are
needed to ensure that some growing areas maintain the pristine conditions necessary for
shellfish culture.

The Shellfish Enhancement Task Force has suggested methods for

designating shellfish culture areas. It suggested the Virginia Scenic Rivers Program as a
workable model for management of shellfish culture waters. In the Scenic Rivers Program,
the Virginia General Assembly would designate a river reach if (1) it meets the criteria for
designation; and (2) the adjacent local governments support the designation. Once a river
segment has been designated, a local or state agency is identified to serve as overseer,
ensuring that the subsequent state and local actions are consistent with the designation. This
program does not establish any new regulatory authority, it merely serves to focus attention
on the characteristics desired o f the area and provides a basis for evaluation of otherwise
independent regulatory or management decisions. Following the Scenic Rivers model, it has
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been recommended by SENTAF that Virginia develop a "Shellfish Culture Area" (SCA)
designation.
The objective of a "Shellfish Culture Area"(SCA) designation program would be to
establish a process in which local governments might determine that preservation or
enhancement o f the shellfish culture capacity of a water body is desired. Then, in cooperation
with the state government, the local government could work to achieve or maintain the
necessary water quality for the area. The method is a state designation o f criteria and local
adoption o f the program.
The program would conduct a preliminary inventory of state waters to identify those
which meet, or have the potential to meet the SCA water quality criteria. The purpose would
be to advise those localities which still have such areas o f their existence, to encourage
designation and preservation, and to establish a procedure by which local governments could
nominate areas for designation as SCAs.

Ultimately, local land use planning tools

(comprehensive plans) and decisions can be evaluated to ensure that they are consistent with
maintenance of local water quality.
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II. Aquaculture
Aquaculture is the rearing o f aquatic organisms under controlled or semi-controlled
conditions. More simply, aquaculture is underwater agriculture. Shellfish are grown in
various places around the world. In many instances mollusks, such as oysters are cultured
on the bottom. Natural reproduction is augmented with hatchery produced young mollusks
that are allowed to grow in nature. In some instances, cages have been placed over clam bed
and oysters have been grown on trays. Pole, raft, and string culture systems are additional
culturing techniques.
Pole culturing has been used for the culture of oysters in the Philippines and for
mussel culture in the Philippines and France (Stickney, 1994). Ropes are covered with
young mussels, then taken to the culturing location and wrapped around 4 meter long oak
poles o f 15-20 cm diameter. The poles are then driven into the sediment. In raft culture,
ropes are suspended from floating rafts. The ropes may be several meters long and placed
in the photic zone where phytoplankton can be obtained for food. This type of culturing is
well developed in Spain where coastal bays produce large quantities of oysters and mussels
(Stickney, 1994).
String culture is similar to raft culture but cultch material is attached to ropes that are
suspended horizontal in the water. The strings may be tens to hundreds of meters in length.
Oysters can be reared attached to cultch material that is tied to the primary rope or in baskets
suspended form the string.
In tray culturing, oysters are reared in trays, lined with sheets of plastic or other
pliable material, that are supported on legs to keep them off the bottom. The oyster spat are
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allowed to settle and are maintained in the trays on water tables in a flow through filtered
seawater system. Tray culture is most common is the United States.
Certain considerations must be given when choosing an area for shellfish aquaculture
operations.

Rafts, strings, and trays should be located in unpolluted areas where

environmental conditions are conducive to rapid growth. Boat traffic areas should be
avoided because boats could cause significant damage to the culture system if struck. The
area should also support a rich phytoplankton population so that the oysters will be
nourished.

A study conducted by Paynter and DiMichele (1990), on the growth o f tray

cultured oysters in the Chesapeake Bay, concluded that oysters grow quickly in floating raft
culture: 10-15 mm/month during growing periods and at a constant rate with respect to
length. Rates measured during growing periods suggest that oysters could be grown to
market size in 6 months of continuous active growth.
Oysters such as the American oyster, Crcissostreci virginica, feed most efficiently
when the ratio of food to water volume is relatively low (Loosanoff and Tommers, 1948).
In turbid water the pumping rate of oysters is greatly reduced. This could affect growth
rates. If concentrations are high, primary production may be reduced because of shading.
This can be a disadvantage for culturists trying to establish a plankton bloom to feed young
animals.
Oysters require firm substrate for attachment and support. For on-bottom culturing,
sediments containing silt and clay may not provide proper support. In general oysters
survive best on bottoms that are firm or sticky mud. Ideal bottom substrate consists of
shell(reef) materials or muds-and-shells mixtures that are firm enough to support the weight
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o f large oysters without self-burial (Cake, 1983). Oyster shells are most suitable for spat
settlement. Soft muds, greater than 80% silt and/or clay, cannot support the weight of empty
shell; and sand, greater than 80%, move too easily with currents (Cake, 1993). Shifting sand
bottoms and burial can result in abrasion and valve injury to the oyster.
The eastern oyster in the Chesapeake Bay requires a 3 year production cycle from egg
to market size. Annual growth rate is most affected by temperature, food quality and
quantity, salinity, and parasitic infection (Kennedy, 1991). Flavor and growth are adversely
affected in oysters reared in low salinities. Suitable salinity range is 10 to 30 ppt, but oysters
can survive in salinities o f approximately 5-40 ppt (Cake, 1983; Galtsoff, 1964). The
optimal salinity range for physiological purposes, and food abundance, is probably closer to
10-20 ppt (Cake, 1993).

Crassostrea virginica can withstand depressed salinities of less

than 5 ppt for brief periods, but feeding, growth, and reproduction are severely curtailed
(Cake, 1983; Loosanoff, 1952; Galtsoff, 1964).
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III. Habitat Suitability
Rapid expansion o f aquaculture worldwide has placed increasing importance upon
consideration o f aquaculture habitat requirements in coastal management policies. Long
term stability of bivalve culture is particularly dependent upon selection and environmental
protection of sites which have biological and physical conditions necessary to promote rapid
growth and high survival o f cultured species (Brown and Hartwick, 1988). Current site
evaluation criteria for oyster culture are based upon rating several environmental factors on
a relative scale with overall site suitability being the sum of the individual scores (Galtsoff,
1964, American Oyster).
The Habitat Suitability Index (HSI) is a technique for modeling habitat requirements
o f a species through the use o f existing information on species - environment interactions
(United States Fish and Wildlife Service (USFWS) 1980,1991; Schareherger and Krohn,
1982). In the United States, management o f fish and wildlife habitat relies extensively on
HSI Models for the assessment of environmental impacts and mitigation of resource use
conflicts (USFWS 1980; Urich et al., 1986). A number of studies have been conducted to
determine the environmental parameters that influence bivalve growth and to illustrate
spatial heterogeneity in the parameters (Grignano, 1994; Wilson, 1987; Paynter and
DiMichele, 1990).
A USFWS Habitat Suitability Index Model exists for the G ulf o f Mexico American
Oyster (Cake, 1983). Habitat variables in the Habitat Suitability Index Model for this species
include cultch cover on bottom, mean summer salinity, mean abundance of living oysters,
historic mean water salinity, frequency of killing floods, mean substrate firmness, mean
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predator abundance, and mean intensity of disease. Cake’s model was verified in the field
by Sonait and Brody (1988).
A HSI model was developed for determining the suitability o f coastal areas for
growth and survival of post settlement Pacific oysters in suspended tray culture with annual
and seasonal performance o f the model evaluated in the field (Brown and Hartwick, 1988).
Habitat variables used in this model included temperature, available food, suspended
sediments, water movement, disease, fouling organisms, predators, salinity, oxygen, and pH.
Habitat variables potentially critical to subtidal oyster culture were identified and suitability
index graphs for habitat variables rated conditions on a scale of 0.0 - 1.0, where 1.0
represented optimal conditions and 0.0 represented unsuitable conditions (USFWS, 1981).
Optimal conditions are assumed to promote high oyster growth and survival.
Populations of oysters are subject to diseases known as MSX and dermo. These
diseases have heavily depleted the Bay's oyster populations over the past 40 years. O f the
two diseases, MSX is inhibited by salinity; salinities below about 10-15 ppt and above 30-32
ppt are associated with decreased parasite activity' of MSX (Haskin and Ford, 1990). MSX
disease is caused by the protozoan parasite, Haplosporidium nelsoni. The parasite appears
to be unable to tolerate low salinities (Ford and Haskin, 1988), and in fact, will die within
minutes at salinities below 10 ppt or less and within weeks at temperatures above 20 degrees
Celsius (Ford, 1985). Perkinsas marinus, also known as Dermocystidium marinim (dermo),
is a parasitic protozoa. Dermo seems to be more tolerant of low salinity. The parasite leads
to oyster mortality mostly during the summer and early fall when temperature and salinities
are higher. Ragoni and Burreson (1990) exposed infected oysters to various salinities and
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found that mortality was much higher in oysters at 20 ppt than at 12 ppt or lower.
In a recent study, which included the analysis of potentially suitable areas for
aquaculture in the lower Chesapeake Bay (Grignano, 1994), areas determined to be well
suited for culture overlapped with areas affected by pathogens. Grignano's study suggests
optimal sites for oyster aquaculture areas along the Eastern Shore, the middle of the
Rappahannock River, and lower section of the York River. The habitat variables used in that
study were available food (chlorophyll a), salinity, and current speed.
The Geographic Information System (GIS) is a tool which can be used for spatial
analysis of selected environmental (biophysical) parameters. Using GIS, a protocol for the
structured analysis of spatial data for natural resources assessment can be developed (Ross
et al., 1993). For example, data collected for each environmental parameter important to
oysters can be mapped in the GIS. The data can be assessed to determine distribution o f
optimal and suboptimal conditions from the perspective of an oyster. Several parameters can
be assessed and combined, following the Habitat Suitability Index model, to determine the
distribution of potentially suitable habitats.

METHODS AND MATERIALS

METHODS AND MATERIALS
Procedure for the Development of Protocol
The development o f a protocol for shellfish area designation included identifying
waters which are suitable for shellfish culture. Once shellfish culture parameter criteria were
established, the land use adjacent to those areas which are most suitable for shellfish culture
were analyzed.
Salinity, temperature, current speed, and chlorophyll a are the basic parameters that
were used in this study to establish environmental suitability criteria. Range values for these
parameters were determined from a literature review of habitat variables critical for optimal
growth of shellfish (Appendix I). From the range values of the parameters, a scoring/rating
system was determined. This set of criteria was used to identify the culture site suitability.
Additional parameters, such as bottom type and depth contours, was included in the criteria
for culture operations. Maps of condemned areas, fecal coliform, bottom ownership, and
disease distribution were also considered.
1989 NOAA Coastwatch images o f land use and watershed boundaries were used to
identify adjacent land use classes o f optimal, suitable, and poor areas.

The land-use

classification in the NOAA Coastwatch data was grouped into a more general classification.
Fecal coliform data was collected and areas which meet the Division of Shellfish Sanitation
standards for direct harvest and cleansing were identified. The land use classification of the
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areas were analyzed in relationship to fecal coliform levels.

Computer Software & Hardware Used
The Geographical Information System (GIS) was used to identify areas most suitable
for shellfish culture area designation. The GIS analysis utilizing UNIX SUN SPARC station
and ARC/INFO software was used to analyze and present data. For the system, parameters
were mapped and overlaid.

The GIS spacial analysis consisted of: 1) Culture Area

Suitability Analysis; and 2) Land Use Analysis.

Studv Site
The Mobjack Bay and York River estuary are found in the Virginia portion of the
lower Chesapeake Bay (Figure 1). The site is manageable, the area is local, and data are
available for the analysis approach. In addition, the site can be analyzed at a scale in which
management strategies are developed. The digital shoreline maps for the York River estuary
and Mobjack Bay were obtained from the VIMS digital data base.

Procedure for Culture Area Site Suitability Analysis
For the culture site suitability analysis, the study site was divided into twelve
segments based on the location o f the Virginia Chesapeake Bay Water Quality Monitoring
stations. This segmentation scheme was digitized and unioned with the shoreline coverage.
The resulting coverage consisted o f 12 polygons (Figure 2).
The habitat parameters chosen for this study were chlorophyll a, as a measure of
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food quality via phytoplankton; salinity, as a physiological requirement; temperature, as a
requirement for growth given adequate food; and current speed, as a measure of food
delivery. Based on the recommendations of various authors, 'optimal, suitable, and poor'
ranges for the habitat parameters were identified (Table 1), and a scoring system for the
suitability ranges for each parameter was determined (Table 2).
Current speed data were collected from the Current Tide Table-1994, National Ocean
and Atmospheric Administration (NOAA). A total of 25 stations supplied these data (Figure
3). For each station, the maximum flood speed and the maximum ebb speed were averaged
and used to calculate a mean maximum current speed.
Data were collected from the Virginia Chesapeake Bay Water Quality Monitoring
Program for temperature, chlorophyll a, and salinity. Twelve water quality monitoring
stations in the York River and Mobjack Bay were used in this analysis. The mean values
measured during the critical life period (June-October) were calculated for temperature,
chlorophyll n, and salinity. Each segment polygon was labeled for each of the following
attributes: mean-chlorophyll a, mean-temperature, mean-salinity, and mean-current speed.
The scoring system (Table 2) was based on Habitat Suitability Index models and
optimal ranges found in the literature review. The recommended range for chlorophyll a is
1.0 to 55.0 ug/1. Above 55.00 ug/1. Brown and Hartwick(1988) found chlorophyll to have
negative effects on oysters. Cake(1983) found 1-12 ug/1 to be satisfactory for oyster growth.
For this analysis, the range from 1-12 ug/1 was considered satisfactory and the range from
12-55 ug/1 was considered optimal for growth. For chlorophyll, satisfactory levels were
given a value of 0.66 and optimal conditions for culturing were assigned a value of 1.0.
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The recommended ranges for salinity included 10-35 ppt (Brown & Hartwick 1988),
5-40 ppt (Cake 1983), >5 ppt (Mann et al.) as suitable ranges and 24+ ppt (Brown &
Hartwick 1988) and 10-29 ppt (Mann et al.) as optimal ranges. In this analysis, the range
from less than 5 ppt was considered poor, 5-24 ppt was considered suitable, and 24+ ppt was
considered optimal. The ratings for salinity were 0 to 1 where: 0.33 indicates poor, 0.66
indicates satisfactory, and 1.0 indicates optimal conditions for culturing.
The recommended ranges for temperature were 8-34 C (Brown & Hartwick 1988,
Cake 1983) as suitable and 15-18 C (Brown & Hartwick 1988) as optimal. For temperature,
a rating o f 0.66 indicates satisfactory and a rating of 1.0 indicates optimal conditions for
culturing.
The recommended optimal current flow found in the literature was strong, avoiding
heavy wave action or stagnant water ( Brown & Hartwick 1988, Cake 1983). This parameter
is important to the delivery of food. The smaller the current speed, the less food availability,
but once the current speed becomes to high the food availability becomes less efficient
relative to the filtration rate. That is, zero current speed infers that the phytoplankton load
source would be depleted, moderate amount improves the advective delivery of
phytoplankton, and very high current speed infers a reduced filtration of efficiency. The
highest current speed in the study was 79.7 cm/s. The range was divided into 3 equal
increments of 26.6 cm/s. The range from 0-26.6 cm/s was classified as poor and given a
value of 0.33,26.7-53.0 cm/s was classified as suitable and given a value of 0.66, and 53.179.7 was classified as optimal and was given a value o f 1.0.
From these habitat parameters, maps were created to depict the distribution of values
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for each of the parameters (Figures 4 - 7 ) and the scoring for each of the parameters (Figures
8 -11). Once each polygon was coded and scored for temperature, chlorophyll a, current
speed and salinity, the score value was calculated and multiplied by 0.25 for each polygon
(see Table 4). This approach makes the influence o f each variable equal. The maximum
rating score value is 1.0.
Hard bottom type was considered potentially suitable for on-bottom culturing. For
this parameter, percent mud distribution was mapped. The literature review suggests that
soft muds are least suitable for on-bottom culturing (Figure 14).
For off-bottom culturing, a two meter depth contour that is far enough from the
shoreline, yet still easily accessible, was considered potentially suitable. Two meter depth
contours 100-1000 meters from shoreline were mapped (Figure 16). Those areas which
satisfied conditions for both off-bottom and on-bottom culturing were considered most
suitable. Bottom type and depth contours were used for this analysis.
The Virginia Shellfish Sanitation Department monitors fecal coliform levels as an
indicator of pathogenic organisms. When the fecal coliform level is too high, to prevent the
harvest of potentially contaminated shellfish, the Shellfish Sanitation Department condemns
the area for harvest. The suitable sites based on the four biophysical parameters were
overlaid with the coverage of condemned shellfish areas. These data were collected from the
Virginia Shellfish Sanitation Department. Because the land use analysis data available were
the 1989 NOAA Coastwatch data, the condemned shellfish areas of 1989 were used.
The maps of percent mud distribution and depth contours were overlaid with the
maps of most suitable sites based on salinity, chlorophyll a, temperature, and current speed,
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to determine areas which are most suitable given these additional considerations.

In

addition, data were collected for other important parameters including: disease distribution
(Figure 19), bottom ownership (figure 20), and fecal coliform levels (Figure 23).
Procedure for Land Use Analysis
For the land use analysis, the 12 study area polygons were divided into
approximately 5 kilometers shoreline segments with a 100 meter upland buffer zone. The
study site was divided into 35 segments (Figure 21). In areas where the water body is less
than 250 meters wide, the impact o f the land use on both sides were analyzed together . For
those water bodies greater than 250 meters wide, the shorelines will be analyzed separately.
Small embavments will be taken as singular segments. Because the fecal coliform levels in
the Mattaponi and Pamunkey Rivers were not monitored, they are not included in this
analysis.
The NOAA Coastwatch data were obtained, and the classification of land use/land
cover was grouped into three classes: developed, agricultural, and undeveloped (Figure 22
& Appendix II). The percent coverage of each class was determined for each polygon (Table
6 ).
Fecal coliform data obtained from the Virginia Department o f Health were plotted
(Figure 23). The distribution of stations with fecal coliform counts < 14 MPN, 14-88 MPN,
and > 8 8 MPN were analyzed (Table 5). This map was overlaid with the most suitable
culture sites and considered for the final maps o f culture area suitability.
The fecal coliform data and land use data were analyzed using a Categorical
Loglinear Uniform Association Model. For this analysis, the simplifying assumption that
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the values at the fecal coliform monitoring stations reflect the adjacent land use. The
procedure was performed using SAS/STAT CATMOD package. The land use data were
reduced to categorical data. The frequency o f the observations for the fecal coliform
monitoring stations in the 35 segments of the study site were put into a 3x3 matrix for each
land use class: developed, forested, and undeveloped. The fecal coliform data were grouped
into three categories: < 14 MPN, 14-88 MPN, and > 88 MPN, and the three classes of
percentages were established for each land use (Appendix III).
The loglinear model was fitted by specifying the design matrix for the general logit
model.

For the model o f each land use class, the design matrix for the SAS/STAT

CATMOD program was 6x3, since there are 2 logits for each of the three rows (2x3=6), and
there are 3 parameters in the model for log (mjj/m i3) implied by the linear-by-linear
association model (Appendix IV). The first 2 elements in each row o f the model matrix
pertain to the intercept parameters for the 2 logits. Using scores {Uj= 1} and {v} = j}, the
third element is Uj (vj-v3), the coefficient of beta in the logit model. Once the design matrix
was calculated, the program was run using the SAS/STAT CATMOD package (Appendix
V).

RESULTS

RESULTS
Culture Area Suitability
The average chlorophyll a distribution map (Figure 4) delineated segments 3, 7, and
8 as having chlorophyll a values between 12.0-55.0 ug/1. The other study site segments were
within the range o f 1.0-12.0 ug/1.
Figure 6 illustrates the average salinity. The average salinity ranges were between
5.0-24.0 ppt for segments 1, 2, 3, 4, 5, 6, 7, and 8. The other segments were in the range of
0.0-5.0 ppt.
The average maximum current speeds are illustrated in Figure 7. For the study area
segments 6,7,8, and 12 fell between 53.1-79.1 cm/s, segment 1 fell between 0.0-26.6 cm/s,
and the rest o f the study area fell in the range o f 26.7-53.0 cm/s.
For temperature, the entire study area was within the same range. The average
temperature fell between 18-32 0 C (Figure 5). Table 2 contains the numerical average
values o f the four parameters for each of the twelve segments.
The resulting coverage (Figure 12) depicts the combinations of chlorophyll a,
salinity, current speed, and temperature for the study area. Table 4 contains the scoring
values for the segments. In this analysis, the maximum score was 0.83. There were 2
polygons (segments 7 and 8) with a score of 0.83, 2 polygons (segments 3 and 6) with a
score of 0.745; and segments 2,4, and 5, had a score of 0.66. These polygons were chosen
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as most suitable and potentially suitable for shellfish culturing based on the four chosen
parameters (Figure 13). The most suitable combinations of chlorophyll a, salinity, current
speed, and temperature were:
1) Satisfactory Salinity, Satisfactory Temperature, Optimal Chi a, Optimal Current Speed;
2) Satisfactory Salinity, Satisfactory Temperature, Optimal Chi a, Satisfactory Current
Speed;
3) Satisfactory Salinity, Satisfactory Temperature, Satisfactory Chi a, Optimal Current
Speed;
4) Satisfactory Salinity, Satisfactory Temperature, Satisfactory Chi a, Satisfactory Current
Speed.
These polygons indicated as most suitable for oyster aquaculture, were overlaid with
percent mud distribution graphics (Figure 14) for on-bottom culture and with depth contours
(Figure 16) for off-bottom culture. The literature review suggests that firm substrate is most
suitable for bottom culturing. The 40% mud distribution, which would be dominated by
sand or sandy sediment texture, would provide a coarser, firmer texture and would be
considered more suitable than the 80% mud distribution, which is a clay or silt sediment
texture. The 80% mud distribution is a finer less firm grain size and is considered less
suitable for bottom culturing. The resulting coverage of the sites delineated as most suitable
for on bottom culturing based on percent mud distribution, as an indicator of bottom type,
and the most suitable sites (Figure 13) based on the four biophysical parameters are
identified in Figure 16.
Figure 17 depicts the resulting coverage of areas most suitable for off-bottom culture
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based on 2- meter depth contours 100-1000 meters from shore. A two meter depth contour
that is far enough from the shoreline, yet still easily assessable, was the consideration for offbottom culturing. Two meter depth contours 100-1000 meters from the shoreline were
considered potentially suitable.
Maps of disease distribution, condemned areas, and bottom ownership were overlaid
with those areas delineated as most suitable (Figures 18-20).

These are additional

considerations for shellfish culture area operations. Unless growth is good and market size
can be reached under 2 years time, disease and condemned shellfish areas would typically
be avoided for shellfish culturing.
Land Use Suitability
For the land use suitability analysis, the correlation between fecal coliform data and
land use data was analyzed using a categorical loglinear uniform association model using the
SAS/STAT CATMOD package. The program was used to test for a relationship between
land use type and fecal coliform levels detected at the stations located in the segments of the
study site. The program and the results produced from this procedure are located in
Appendixes V-VII. The results do not support a significant relationship between land use
and fecal coliform level at adjacent sampling stations based on the identified category
grouped for land use and the fecal coliform stations for the study site.

CONCLUSION/DISCUSSION

CONCLUSION/DISCUSSION
A. Limitations of the Analysis
This study was intended to produce a protocol for shellfish culture area designation.
An analytical approach has been designed and the conditions necessary for this type of
designation have been identified. There are three basic problems in this type of analysis:
limitations o f the science, limitations o f parameter inventory resolution, and the subjectivity
o f the final analysis.
1. Limitations of the Science
There are scientific limitations, both in terms of physical data and ecological
requirements necessary to determine what makes a good shellfish culture area. Based on the
scientific literature and review o f habitat suitability models for shellfish, four biophysical
parameters (chlorophyll a, salinity, temperature, and current speed) were chosen as
parameters useful in determining culture site suitability in this study. The numerical ranges
o f suitability for chlorophyll a, salinity, and temperature are suggested in the literature, but
for current speed no numerical range is suggested. In addition, a quantitative model of the
interaction o f these four parameters was not available at the time of this analysis. The
individual parameter ranges used to rate suitability were determined from the best scientific
information available. Absent specific guidance on any interactions between parameters,
they were all considered equally important in determining suitability in this study. These
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relationships may be modified as further information becomes available.
2. Limitations o f the Inventory
Spatial and temporal limitations o f biophysical inventories are set by the field
monitoring programs which collect basic data. Generally these programs are not designed
with habitat suitability mapping as an objective. Therefore, although the requirements for
shellfish habitat areas may be known, the inventory of the environmental data might not be
available to map areas o f suitability with desired precision.

For example, because o f the

high gradients in current speed, there is a need for measurements in the shallow water areas.
In this study, development o f a more complete shallow water data set for the region would
be necessary for a more complete analysis.
The stations from the Virginia Chesapeake Bay Water Quality Monitoring Program
used for this study are located within the mid channel, not in shoal areas. In several
segments o f the study area, the data for chlorophyll a, temperature, and salinity were
compared to a limited shoal survey data set collected for the Virginia Nearshore SAV Habitat
Monitoring Program during the period June-October 1990. The shoal survey stations are
located inshore of the Virginia Monitoring Program sites in the York River generally within
100 meters from the shoreline.
Using the MINITAB computer statistical software, the data for segments 2, 5, and
6 o f the Virginia Monitoring Program and the respective shoal survey data for those
segments (Appendix VIII) were entered. The procedure Two Sample was used to analyze
the difference between the values in the two data sets at each location. The MINITAB Two
Sample T-test and Confidence Interval is useful in determining whether two means are
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significantly different. In this instance, for salinity and water temperature of segments 2, 5
and 6, the probability is high (greater than 5%) that repeating the experiment would obtain
a T-value of the same o f lesser value. This implies that there is insufficient evidence to reject
the null hypothesis that both means are essentially the same. Because the 95% confidence
interval for the difference o f the means includes zero, there is a strong probability that the
data came from the same parent population and have the same mean.
For chlorophyll a, there is insufficient evidence to reject the null hypothesis that both
means are essentially the same for segment 2, but for segments 5 and 6, the probability is
lower than 5%, 2% that the T-value would be -2.53 for segment 5 and 1.8% that the T-value
should be,-2.60 for segment 6. This is sufficient evidence to reject the null hypothesis that
the means are the same in segments 5 and 6 for chlorophyll a.
Because the field data for this study was not collected specifically for this study, the
inventories are not ideal. The spatial scale of the sampling is important. The comparison
o f the means for the Virginia Water Quality Monitoring Program station data (used in this
study) and the Shoal Survey data stations (located in a more ideal location, 100 meters from
shore) indicated water temperature and salinity mean values did not significantly differ for
the tested segments (2, 5, and 6). For chlorophyll a, values for two of the segments differed
significantly. It is important to note that an inventory such as the Shoal Survey is not
available for the entire study site (the Mobjack Bay and York River). Based on the results
o f the comparison of the means for chlorophyll a, a more complete chlorophyll a inventory
up to 1000 meters from the shore would be necessary for this type of study. Precise
designation of SC A would require a more refined current speed and chlorophyll a inventory.
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The field data used were collected from June - October, the critical life period for
oysters. The samples were taken bi-monthly. This is not a particularly dense temporal data
set, and limits resolution of variability which might affect habitat suitability. Nevertheless,
the data set is the best available for the study area (and is typical o f data sets covering similar
large areas).
3. Limitations imposed bv Subjectivity of the Final Analysis
Finally, the method o f combining field data and interpretation is subjective in terms
of weights assigned to individual parameters. Further development of the underlying science
might make modification o f the weighing system. However, given the lack of specific
information on how biophysical parameters combine to determine habitat suitability, the
accuracy of the final determination is controlled by the "correctness" of the subjective
weighing used in this protocol.
Researchers can respond to the need for science to provide guidance to policy makers
in one o f three ways. Researchers have the option to: 1) put off policy makers until the
science becomes available to answer policy questions; 2) identity current knowledge and
leave interpretation/extrapolation to policy makers; or 3) attempt to synthesize existing
scientific information to provide "best available" guidance.
The advantage o f using GIS to synthesize information is that maps reduce the
extensive and particularly complex synthesis of existing information to easily comprehended
guidance. Researchers and policy makers must however realize the limitations of the GIS
product. The limitations are actually the same as the advantages: the final product reduces
many significant considerations to a simple conclusion. The potential always exists to
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assume the conclusion has a higher degree of accuracy than may be warranted. In this study
that risk is embodied in the mapped boundaries o f suitability zones. The underlying analysis
in this protocol is far from achieving the spatial precision implied by a line on a map, even
a wide line.
This analysis is real world in terms o f trying to support and advise managers with
policy guidance. It is an exercise in formalizing best professional judgement. Uncertainty
is dealt with by being explicit about assumptions and indicating where there is room for
interpretation. The point is to identify a protocol for synthesizing spatially and temporally
distributed data into a succinct policy/management guideline. By making the steps in the
synthesis explicit, the protocol can also serve to guide efforts to enhance or refine the final
analysis.

B. Management and Policy Applications
1. Protocol Development
Salinity, temperature, current speed, and chlorophyll a were chosen as critical
parameters to be used to develop an environmental suitability model combining the
information of the critical parameters. The data sets identified were not found to be truly
appropriate because they were not constrained to the shoal area. The imposed limitations of
the data sets were on the spacial resolution. The segmentation was constrained by the water
quality data set. It is unlikely that management implementation would occur on the scale of
this segmentation scheme.
The results o f the statistical analysis do not support the notion that identification o f
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particular land use which will improve or insure preservation o f water quality (as indicated
by fecal coliform levels). Although fecal coliform counts are not the ideal indicators of
contamination in shellfish, at this time it is the indicator used as a standard for regulations
by the Shellfish Sanitation Department. Research conducted by Kator (1993) indicates
greater interest and effort must be directed toward finding and verifying 'better' indicators
o f contamination. Kator reports that extant literature describing relationships between land
usage and microbial pollution has been inconclusive, confounding the search for useful
indicators o f pathogenic runoff.
A study conducted by Schima et al. (1994) indicates that mean MPN increased with
distance upstream. Although the results were inconclusive, one of the possibilities suggested
is that the proximity o f On-Site Waste Disposal Systems (OSWDS) may be related to
elevated MPN levels. Based on these findings, it is recommended that OSWDSs should be
discouraged in areas being considered for SCA designation.
The model proposed for SCA designation suggests that once an inventory of state
waters is conducted , the state will then recommend areas suitable for SCA designation can
be recommended to adjacent localities adjacent to the suitable waters. It would then be up
to each locality to decide whether or not it wanted to pursue designation of an area as a SCA.
The original concept was that those localities would then promote land uses which contribute
to the maintenance of, or achieve water quality standards necessary for shellfish culture.
Given its limitations, this study does not address the relationship between SCA’s and the
management of adjacent land uses.
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2. Distribution Patterns
This protocol has incorporated the suggestions of the SENTAF reports (SENTAF,
1991; SENTAF, 1992). It is interesting to note that based on the additional considerations
of disease distribution and condemned shellfish areas, there are no optimal sites for shellfish
culturing in the Mobjack Bay and York River. The area mapped as most suitable for onbottom culturing is located below the Ware River and the area most suitable for off-bottom
culturing is located below West Point. The sites suitable for on-bottom culturing all fall
within the disease distribution. Those sites suitable for off-bottom culturing that do not
overlap with the disease distribution are located below West Point and above the Ware River.
Although the land use in this area is mostly agricultural, the regions of condemned shellfish
areas overlap with these sites. The paper mill located at West Point has been noted to cause
false bacterial level readings in this area (Schima et al. 1993). But at the present time, the
extant management practices would prevent the area from being used for shellfish culture.
Bottom ownership is an additional consideration for the state if it is serious about
aquaculture operations. The longstanding practice o f the state to lease the bottom for long
periods o f time is a potential conflict with shellfish operations in the water column and on
the bottom. There is a concern that the state must ensure that the few areas of pristine waters
remaining be used for aquaculture harvesting. Some options include shortening the lease
period and/or having the state revoke leases from leasers that are not actually using the
bottom. The criteria for bottom ownership is an issue that the state may wish to revisit.
3. Management Implications
The potential still exists for the oyster to be a great economic resource, but with the
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presence of shellfish diseases and the general shellfish population in decline, some localities
will not have an interest in SCA designation. Perhaps, protection of water quality for hard
clams instead o f the oyster might appeal to some localities as more economically viable.
Other localities might decide it is more economical for them to continue recreational
development and other land uses which maximize their tax base. The location of recreational
areas, such as marinas and boat landings, could exclude some areas to shellfish culturing
based on the Department o f Shellfish Sanitation regulations.
Without some type of incentive, it is doubtful that localities will elect to alter this
type o f recreational use, or other activities that might broaden their tax base, to comply with
the standards for shellfish areas.

The state will have to consider what type of'trade-offs'

or incentives it would be willing to offer localities that choose to 'buy into' the SCA
designation and preservation.
These are all questions and issues for future research that bear more in-depth
consideration than is included in the scope of my thesis work.

The success or failure of

SCA designation will depend on scientific support and technology, a favorable economic
climate, appropriate policy, and proper management.
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TABLES

Table 1. Principle Environmental Parameters for Oyster Culture
- as recommended by various authors.

Parameter

Source

Range

Temperature

Brown
&Hartwick(1988)
Cake (1983)

8-32 °C suitable
15-18 °C optimal

Salinity

Brown
&Hartwick(1988)
Cake (1983)

5-35 ppt suitable
24.0+ ppt optimal

Chi a

Brown
&Hartwick(1988)
Cake (1983)

1-55 ug/L suitable
12+ ug/L optimal

Current Flow

Brown
&Hartwick(1988)
Cake (1983)

Optimal-strong
avoiding heavy wave
action or stagnant
water.

Table 2. Scoring System.

Parameter

Numerical
Value

Temperature
(°C)

15.0 - 18.0

Suitability

Optimal
1. 00

8-15
32

# 18-

Satisfactory

0.66

Poor

0-8.0 ,
32 .0 +

Salinity
(ppt)

Score

0.33

24.0 +

Optimal
1.00

5.0 - 24 .0

Satisfactory

0.66

Poor

0.0 - 5.0

0.33

Chlorophyll a
(ug/L)

Optimal

12.0 - 55 .0

1. 00
1.0 - 12.0

Satisfactory

Current Speed
(cm/s)

0.66

Optimal

53.1 - 79.7

1.00
26.7 - 53.0

Satisfactory
0.0 - 26.6

0 .66

Poor
0.33

Based on: Table 1 and Appendix I.

Table 3. Segment Numerical Values.

Average N um erical Value
Polygon
#

Salinity
(PPt)

T em perature
(°C)

Chi a
(ug/L)

C u rren t Speed
(cm/s)

1

19.09

25.16

9.92

25.72

2

19.13

25.26

10.41

33.67

j

19.37

24.63

15.43

30.86

4

19.52

24.37

8.12

41.15

5

18.85

24.30

6.82

38.08

6

16.50

24.82

9.03

54.01

7

12.05

24.25

13.56

60.44

8

8.97

24.50

15.65

57.87

9

4.05

24.73

8.91

38.58

10

2.86

24.55

8.41

33.44

11

0.00

24.76

6.30

51.44

12

0.00

24.15

3.83

63.01

Table 4. Segment Scoring for Suitability.

Scoring
Polygon
#
Salinity

Temperature

Chi a

Current Speed

Overall
(Total
Score/4)

1

0.66

0.66

0.66

0.33

0.578

2

0.66

0.66

0.66

0.66

0.660

0.66

0.66

1.00

0.66

0.745

4

0.66

0.66

0.66

0.66

0.660

5

0.66

0.66

0.66

0.66

0.660

6

0.66

0.66

0.66

1.00

0.745

7

0.66

0.66

1.00

1.00

0.830

8

0.66

0.66

1.00

1.00

0.830

9

0.33

0.66

0.66

0.66

0.578

10

0.33

0.66

0.66

0.66

0.578

11

0.33

0.66

0.66

0.66

0.578

12

0.33

0.66

0.66

1.00

0.663

Based on: Table 2 - Scoring System.

Table 5. Fecal Coliform C ount D istribution o f Stations for each segm ent.
S egm ent #

# of S tations
< 14 MPN

U o f Stations
14-88 MPN

# of Stations
> 88 MPN

T O TA L # of
Stations

6

4

0

10

2

3

2

0

5

3

4

5

2

11

4

5

4

0

9

5

8

5

8

21

6

8

1

1

10

7

1

0

10

11

S

3

3

7

13

1

9

7

0

0

7

10

1

4

4

9

11

2

6

7

15

12

10

5

0

15

13

1

3

4

8

14

10

6

4

20

15

4

3

7

14

16

1

5

1

7

17

2

3

0

5

18

4

2

1

7

19

8

7

0

15

20

1

6

0

7

21

0

1

0

1

22

0

3

0

3

23

1

4

0

5

24

0

3

1

4

25

4

3

1

8

26

1

2

0

3

27

1

3

0

4

28

3

3

1

7

29

4

6

6

16

30

4

2

0

6

31

6

4

0

10

32

22

8

12

42

33

4

1

11

16

34

0

4

15

19

35

11

9

3

23

Table 6. Land Use Percentages for each segment.
Segm ent

% Developed

% A g ricu ltu ral

% Undeveloped

1

3.56

23.76

77.68

2

2.78

22.29

74.93

3

2.53

25.33

72.13

4

3.33

35.23

61.44

5

1.48

31.61

66.91

6

5.53

17.31

77.16

7

2.43

26.96

70.62

8

1.73

22.05

76.22

9

3.48

20.45

76.07

10

2.13

36.87

60.00

11

4.39

24.03

71.59

12

6.29

15.17

78.54

13

8.02

38.45

53.53

14

15.32

33.92

50.76

15

2.26

43.37

54.27

16

3.14

29.02

67.84

17

1.74

35.07

63.19

18

0.77

24.60

74.62

19

0.16

18.29

81.54

20

1.42

20.41

78.17

21

6.13

39.02

54.85

22

1.23

34.34

64.42

23

0.05

10.58

89.37

24

0.12

3.89

95.99

25

0.45

2.01

97.54

26

0.28

6.04

93.68

27

3.72

13.76

82.52

28

4.65

7.44

87.91

29

5.72

10.63

83.66

30

8.62

17.59

73.79

31

12.73

18.86

68.41

32

22.78

9.32

67.89

33

9.74

8.80

81.46

34

12.24

21.02

66.74

17 33

6.78

75.90

APPENDIX

Appendix I.

TEMPERATURE
* Brown & Hartwick (1988) Range:8-34 (15-18) C
Source: Quayle(1969);Malouf & Breese(1977); Bernard(1983)
* Cake (1983) Range:8-34

(<32) C
Adults

Spawning

Larvae

* Mann et a l . (1991) Range: 5-34 (28- 32)C 18-25(33)C 20-33C
Source :Butler (1949) ; Chaney(1958); Loosanoff(1958);
Loosanoff(1969); Loosanoff & Davis (1952) ;
Wells (1961)
SALINITY
* Brown & Hartwick (1988) Range:10-35 (24+) ppt
Source:Hopkins(1936)/Quayle(1969);King(1977);
Bernard(1983)
* Cake (1983) Range: 5-40 ppt
Growth

Spawning

Larvae

* Mann et a l .(1991)Range: >5(12-27)ppt >8ppt 8-39(10-29)ppt
Source:Butler(1949) ; Chaney(1958) ; Loosanoff(1958) ;
Loosanoff(1969) ; Loosanoff & Davis(1952) ;
Wells(1961)
CHLOROPHYLL A
* Brown & Hartwick (1988) Range: 1.0-55.0 ug/1
Source:Tenore&Dustan(1973) ; Malouf&Breese(1977) &
Bernard(1983)
* Cake (1983) Range: 1-12 ug/1
CURRENT SPEED
* Brown 5c Hartwick (1988) Optimum: strong tidal flow avoiding
heavy wave action or stagnant water.
Source:Westley(1965) ;Walne(1972); Fenchette & Bourget(1985)
* Cake

(1983) Optimum: steady, non-turbulent flow of water.

Appendix II. Grouping of Coastwatch Land Use Classification.

DEVELOPED
High Density
Low Density

AGRICULTURAL
Cropland
Grassland

UNDEVELOPED
Evergreen Forest
M ixed Forest
Palustrine Forest
Estuarine Emergent
Palustrine Emergent
Tidal Flats
Exposed Land

Appendix III. MATRIX- Percentage Land Use/Station Fecal Coliform Level

% DEVELOPED

STATION FECAL COLIFORM LEVELS
< 14 MPN
14-88 MPN > 88 MPN
----------------------- -----------------------------------

<3
3-9
>9

% AGRICULTURAL
<15
15-30
>30

43
59
48

46
47
37

40
29
37

STATION FECAL COLIFORM LEVELS
< 1 4 MPN
14-88 MPN > 8 8 MPN
--------------------------------------------- ------------51
68
31

42
56
32

35
44
27

STATION FECAL COLIFORM LEVELS
< 1 4 MPN
14-88 MPN > 8 8 MPN
% UNDEVELOPED
<65
65-80
>80

23
101
26

27
71
32

19
67
20

Appendix IV. Categorical Loglinear Uniform Association Model.
M ODEL: log m i}= m + \ l + \2+ X i}
where: i = row
j = column
V, \2 = terms in loglinear model
X y = effect term
my = expected frequency

Three Category - Ordered Logit;
Perform 2 logits for each o f the 3 Categories:
1
< 1 4 MPN

2
14-88 MPN

Design M atrix: The first 2 elements in each row of the model matrix pertain to the intercept
parameters for the 2 logits. Using {^ = i} and {vj = j}, the third element is U;(Vj - v3),
the coefficient B in the logit model.

V
?

U

1 | 10-2
2 | 1 0 -4
3 1 10-6

0 1 -1
0 1 -2
0 1 -3

Appendix
V.
DEVELOPED-FECAL
ASSOCIATION MODEL

COLIFORM

LEVELS-UNIFORM

Program:
O PTIO N S LINESIZE = 80;
DATA DEV;
INPU T D EVELO P MPN STATIONS;
CA RDS;
1 1 43
1 2 46
1 3 40
2 1 59
2 2 47
2 3 29
3 1 48
3 2 37
3 3 37
RUN;
TITLE ’D EVELO PED -FECA L CO LIFO RM LE V E L S-U N IFO R M A SSO CIATIO N MODEL';
PROC CA TM O D O RD ER = DATA;
W EIG HT STATIONS;
PO PU LA TIO N DEVELOP;
M O D EL M PN = (1 0 - 2 ,0 1 -1,
1 0 -4, 0 1 -2,
1 0 - 6 , 0 1 -3)/
ML N O GLS PRED = FREQ;
RUN;

CATMOD PROCEDURE
Response: MPN
W eight Variable: STATIONS
D ata Set: DEV
Frequency M issing: 0

R esponse Levels (R )=
3
Populations
(S)=
3
Total Frequency (N )= 386
O bservations (O bs)=
9

PO PU LA TION PROFILES
Sample
Sample DEVELO P
Size
1
1
129
2
2
135
3
3
122
RESPO N SE PROFILES
Response MPN

1
2

1
2

3

3

M A X IM U M -LIK ELIH O O D A N A LY SIS
Sub
-2 Log C onvergence
Param eter Estim ates
Iteration Iteration Likelihood C riterion
1
2
3
0
1
2
3

0
0
0
0

848.12869
1.0000
0
840.0557 0.009519 0.1335
840.03308 0.0000269 0.1336
840.03308 2.13E-10 0.1336

0
0
0.0823
-0.0526
0.0983
-0.0540
0.0983
-0.0540

M A X IM U M -LIK ELIHO O D A N A L Y SIS-O F-V A R IA N C E TA BLE
Source
DF Chi-Square
Prob
M O D EL|M EA N
LIK ELIHO O D RATIO

EfFect

2
3

1.91 0.3842
4.82 0.1853

A NALYSIS OF M A X IM U M -L IK E L IH O O D ESTIM A TES
Standard ChiParam eter Estim ate Error Square Prob

M ODEL

1

0.1336 0.3345
0.16 0.6895
0.0983 0.2006
0.24 0.6242
3 -0.0540 0.0784
0.47 0.4911
2

M A X IM U M -LIK ELIHO O D PRED IC TED V A LU ES FO R RESPO N SE FU N CTIO N S AND FREQ UEN CIES
O bserved....................... Predicted------Function
Standard
Standard
Sam ple N um ber Function
Error
Function
E rror
Residual
1

1 0.07232066 0.21967206 0.24161811 0.19858985 -0.1692975
2 0.13976194 0.21619235 0.15225266 0.15016148 -0.0124907
FI
43 5.35412613 47.7801255 4.63214454 -4.7801255
F2
46 5.44030323 43.6954645 3.13230874 2.30453547
F3
40 5.2532751
37.52441 4.3091472 2.47558999

2
2

1 0.71024161 0.22678605 0.34958666 0.12703208 0.36065495
0.48285177 0.23613419 0.20623693 0.130973 0.27661484

FI
F2
F3
3

1
2
FI
F2
F3

59
47
29

5.76322955 52.4999624 3.3521273 6.50003762
5.53507335 45.4886444 3.24905349 1.51135562
4.77183092 37.0113932 3.06730554 -8.0113932

0.2602831 0.21877011 0.45755521 0.20496234 -0.1972721
0 0.23249528 0.26022121 0.15508928 -0.2602212
48
37
37

5.39580894 49.7199122 4.55350602 -1.7199122
5.07727176 40.8158911 2.95607861 -3.8158911
5.07727176 31.4641967 3.9668706 5.53580327

Appendix VT. AGRICULTURAL-FECAL
ASSOCIATION MODEL

COLIFORM

LEVELS-UNIFORM

Program:
O PTIO N S LINESIZE = 80;
DATA AGR;
INPUT A G RICU L MPN STATIONS;
CA RDS;
1 I 51
1 2 42
1 3 35

2 1 68
2
2
3
3
3

2 56
3 44
1 31
2 32
3 27

j

RUN;
TITLE 'A G R IC U LTU RA L-FECA L CO LIFO R M LEV ELS-U N IFO RM A SSO CIA TIO N M ODEL';
PRO C C A TM O D O RD ER = DATA;
W EIG H T STATIONS;
PO PU LA TIO N AG RICU L;
M O D EL M PN = (1 0 - 2 , 0 1 -1,
1 0 -4, 0 1 -2,
1 0 - 6 , 0 1 -3)/
M L N O GLS PRED = FREQ;
RUN;

CATMOD PROCEDURE
R esponse: M PN
W eight Variable: STATIONS
D ata Set: A GR
Frequency M issing: 0

R esponse Levels (R)=
3
Populations
(S)= 3
Total Frequency (N )= 386
O bservations (O bs)= 9

POPU LA TION PRO FILES
Sample
Sam ple A GRICUL
Size
1

1
2

2

3
3
RESPO N SE PROFILES
R esponse MPN

1

1

?

?

j

j

128
168
90

M A XIM U M -L IK EL IH O O D A N A L Y S I S

Sub
-2 Log Convergence
Iteration Iteration Likelihood Criterion
0
1
2
3

0
0
0
0

848.12869
1.0000
840.108 0.009457
840.08571 0.0000265
840.08571 2.058E-10

Param eter Estim ates
1
2
3

0
0
0
0.5461
0.2886
0.0537
0.5569
0.3098
0.0550
0.5570
0.3098
0.0551

M A X IM U M -LIK ELIHO O D A N A L Y SIS-O F-V A R IA N C E TABLE
Source
DF Chi-Square
Prob
M O D EL|M EA N
LIK ELIHO O D RA TIO

2
3

1.86
0.62

0.3947
0.8910

A NALYSIS OF M A X IM U M -LIK ELIH O O D ESTIM ATES
Standard ChiEffect
Param eter Estim ate E rror Square Prob
M O D EL

1
2
3

0.5570
0.3098
0.0551

0.3476
0.2101
0.0848

2.57 0.1091
2.17 0.1404
0.42 0.5161

M A X IM U M -LIK ELIH O O D PRED ICTED V A LU ES FO R RESPO N SE FU N CTIO N S A N D FREQ U EN CIES
O bserved
Predicted-----Function
Standard
Standard
Sam ple N um ber Function
Error
Function
Error
Residual
1
2

1 0.37647757 0.21949777 0.44684817 0.19960369 -0.0703706
0.18232156 0.22886885 0.25476271 0.15318919 -0.0724412

FI
F2
F3
2
2

2

4.66370814 -0.9295613
3.09837255 -0.8541612
4.07949991 1.78372245

1 0.43531807
0.1934765 0.3367362 0.12790337 0.09858187
0.24116206 0.20145574 0.19970672 0.13098544 0.04145533

FI
F2
F3
3

51 5.53892476 51.9295613
42 5.31213234 42.8541612
35 5.04278569 33.2162776

68 6.3620901 6 4 .9 6 4 1 4 9 2 '4 .1 9 2 8 2 5 0 4

56 6.11010093 56.6451342
44 5.69878851 46.3907166

3.03585078
4.04621179 -0.6451342
3.84790989 -2.3907166

1 0.13815034 0.26323963 0.22662424 0.22443769 -0.0884739
0.16989904 0.26131789 0.14465074 0.15881211 0.02524829

FI
F2
F3

31 4.50801755 33.1062895 3.60347862 -2.1062895
32 4.5411697 30.5007046 2.18874216
1.49929535
27 4.34741302 26.3930058 3.36110786 0.60699418

Appendix VII. UNDEVELOPED-FECAL
ASSOCIATION MODEL

COLIFORM

LEVELS-UNIFORM

Program:
OPTIO NS LINESIZE = 80;
DATA UND;
INPU T U NDEVEL MPN STA TION S;
CARDS;
1 1 23
1 2 27
1 3 19
2 1 101

2 2 71
2 3 67
3 1 26

TITLE 'U N D EV ELO PED -FEC A L C O LIFO RM LEV ELS-U N IFO RM A SSO C IA TIO N M ODEL';
PROC CA TM O D O RD ER = DATA;
W EIG HT STATIONS;
POPU LA TION UNDEVEL;
M O D EL M PN = (1 0 - 2 , 0 1-1,
1 0 -4, 0 1 -2,
1 0 -6, 0 1 -3)/
ML N O GLS PRED = FREQ;
RUN;

CATMOD PROCEDURE
Response: MPN
W eight Variable: STATIONS
D ata Set: UND
Frequency M issing: 0

R esponse Levels (R)=
3
Populations
(S)=
3
Total Frequency (N )= 386
O bservations (Obs)=
9

PO PU LA TIO N PRO FILES
Sample
Sample U N DEV EL
Size
1
1
2
2
3
3
R ESPO N SE PRO FILES
R esponse M PN

69
239
78

M A X IM U M -LIK ELIH OO D A N A L Y S I S

Sub
-2 Log Convergence
Iteration Iteration Likelihood Criterion
0
1
2
3

0
0
0
0

848.12869
840.51775
840.49787
840.49787

1.0000
0.008974
0.0000236
1.599E-10

P aram eter Estim ates
I
2
3
0
0.3017
0.3059
0.3059

0
0
0.1664 -0.009954
0.1835 -0.0102
0.1835 -0.0102

M A X IM U M -LIK ELIHO O D A N A L Y SIS-O F-V A R IA N C E TA BLE
Source
DF Chi-Square
Prob
M O D EL|M EA N
LIK ELIHO O D RATIO

2
3

1.44
4.93

0.4878
0.1768

ANALY SIS OF M A X IM U M -LIK ELIH O O D ESTIM A TES
Standard ChiEfFect
Param eter Estim ate Error Square Prob
M O D EL
2
3

1 0.3059 0.4330
0.50 0.4799
0.1835 0.2446
0.56 0.4532
-0.0102 0.1024
0.01 0.9206

M A X IM U M -LIK ELIH O O D PRED ICTED V A LU ES FO R R ESPO N SE FU N CTIO N S A N D FREQ U EN CIES
O bserved....................... Predicted------Function
Standard
Standard
Sam ple N um ber Function
Error
Function
E rror
Residual
1
2

1 0.19105524 0.31001587 0.32631752 0.24477289 -0.1352623
0.35139789 0.29944718 0.19367582 0.16732104 0.15772207

FI
F2
F3
2

23
27
19

3.91578004 26.5654882 3.01492256 -3.5654882
4.05398355 23.2654921 1.6821369 3.73450786
3.71054119 19.1690197 2.72304253 -0.1690197

1 0.4104279 0.15756384 0.34672931 0.12697332 0.06369859
2 0.05798726 0.17032287 0.20388171 0.13088072 -0.1458945
FI
F2
F3

3
2

101 7.63662174 92.8558186 5.93254611
71 7.06455588 80.4954258 5.74945442
67 6.94388747 65.6487556 5.43258971

8.14418141
-9.4954258
1.3512444

1 0.26236426 0.29742485 0.36714109 0.23696669 -0.1047768
0.47000363 0.28504386 0.21408761 0.1649813 0.25591602

FI
F2
F3

26 4.163332 30.5786932 3.3150512 -4.5786932
32 4.34416791 26.2390821 1.9006161 5.76091793
20 3.85639662 21.1822247 2.9580736 -1.1822247

Appendix VIII. Data Display- Virginia Monitoring Program -vs- Shoal Survey

R ow

Segm ent 2
2S V A 2S Shoal

1

18 56
17.65
18.47
20 64
20 54
18 91

3
4
5
6
7
3
9
10
11
12
13
14
15
16
17
18
19
20
21

19.07
19 9 7
21.31
20.04

Segm ent 5
5S VA 5S Shoal

13 8
16 8
18 6
20.3
196
19.0
20.2
16.5
17.7

14 6
18 2
193
206
205
19.9
17 7
17.8
211
21.2

12.3
17.2
18 6
20.7
19.8
190
19.2
18.0
164
13 3
17.0

Segm ent 6
6S V A 6S Shoal
10.5
16 8
17.9
17.7
ISO
13 2
16.2
15.6
19.7
18.5
16.0
18.2
18.2
16.0
19.2
15.5
19.5
9.6
16 8
17.8

17.9
20.0
192
17 5
20.2
19.2
17.5
20 2
17.2
14 8

18.2
19.3
180
20.1
13.3
193

23
24
25
26
27

CH LOROPH LL A
Segm ent 2
Segm ent 5
R ow 2C VA 2C Shoal 5C VA 5C Shoal
1
■»
3
4
5
6
7
3
9
10
11
12
13
14
15
16
17
IS
19
20
21
23
24
25
26
27

6.6
13.6
14.3
154
13 2
150
17.7
13 9
17 3
83
15 7

3.56
4.68
5.17
11.29
16.68
8.67
841
634
6.58
6.44

10.56
3 79
3 36
14.88
7.01
13.S5
15 36
5.16
7.72

3 18
9.76
7 21
17.23
10.57
4.45
3.45
3 97
3 10
3.36

12.44
15.60
17.10
24.37
10.09
12.08
14.08
10.35
9 20
5 12
647
11.30
13.76
6.72
15.28
6.17
7.76
6.19

Segm ent 6
6C VA 6C Shoal
3 48
6.58
36.26
13.87
5.33
5.31
3.28
9.68
4.34
3.59

9 92
19.oS
13.14
29.76
19.63
2043
10.99
17,49
11.57
6 67
23.47
11.28
34.24
67.09
18.51
13.81
15.79
19.S4
17.92
14.99
11.62
24.24
42.51
15.63
8 88
14.71
12.83

TEM PER A TU R E
Segm ent 2
R ow 2T V A 2T Shoal
1
■>
3
4
5
6
7
S
q
10
11
12
13
14
15
16
17
IS
19
20
21
22
23
24
25
26
27

20 6
22.1
25.4
26.4
27.9
27.5
280
25 2
19.4
21.2

20.5
245
25.4
27.1
26.4
270
26.5
17.2
21 9

Segm ent 5
Segm ent 6
ST V A ST Shoal 6T V A 6T Shoal
21 44
24.78
27.06
27.78
26.58
26.88
26 14
21 64
22.28
20 56

21.2
24.0
25.5
26.5
27.5
27.0
25.2
21.0
22 2
21.2
24.1
25,5
26.5
27.8
28.0
25.5
19.9
22.1

21.76
25.12
27.36
28 U
26.71
25 79
26.20
27.40
22.58
19.98

21 8
26.8
26.1
28.0
28 3
28.5
25.2
190
22 8
21 2
24 8
25 9
27 5
28.2
28.0
24.9
20 8
21.2
244
25 2
27 1
28.0
28 0
25 5
20.0
22.5

A ppendix IX. Minitab TwoSample Comparison of Means Virginia Monitoring Program -vs- Shoal Survey
TEMPERATURE
MTB > TwoSample 95.0 cl c2
Segment 2
Two Sample T-Test and Confidence Interval
Twosample T for 2T VA vs 2T Shoal
N
Mean StDev SE Mean
2T V A
10
24.37 3.26
1.0
2T Shoal
9 24.06 3.46
1.2
95% C.I. formu 2T VA - mu 2T Shoal: (-3.0, 3.6)
T-Test mu 2T VA = mu 2T Shoal (vs not =): T= 0.20 P-0.84 DF= 16
MTB > TwoSample 95.0 c3 c4
Segment 5
Two Sample T-Test and Confidence Interval
Twosample T for 5T VA vs 5T Shoal
N
Mean StDev SE Mean
5T V A
10
24.51 2.75
0.87
5T Shoal 18
24.48 2.62
0.62
95% C.I. for mu 5T VA - mu 5T Shoal: (-2.22, 2.28)
T-Test mu 5T VA = mu 5T Shoal (vs not =): T= 0.03 P=0.98 DF= 17
MTB > TwoSample 95.0 c5 c6
Segment 6
Two Sample T-Test and Confidence Interval
Twosample T for 6T VA vs 6T Shoal
N
Mean StDev SE Mean
6TV A
10
25.10 2.74
0.87
6T Shoal 27
24.91 2.90
0.56
95% C.I. for mu 6T VA - mu 6T Shoal: (-1.98, 2.36)
T-Test mu 6T VA = mu 6T Shoal (vs not =): T= 0.18 P=0.86 DF= 17

Appendix X. Minitab TwoSample Comparison of Means Virginia Monitoring Program -vs- Shoal Survey
SALINITY
MTB > TwoSample cl c2
Segment 2
Two Sample T-Test and Confidence Interval
Twosample T for 2S VA vs 2S Shoal
N
Mean StDev SE Mean
2S V A
10 19.52
1.16
0.37
2S Shoal 9 18.06
2.10
0.70
95% C.I. for mu 2S VA - mu 2S Shoal: (-0.26, 3.19)
T-Test mu 2S VA = mu 2S Shoal (vs not =): T= 1.85 P=0.090 DF= 12
MTB > TwoSample c3 c4
Segment 5
Two Sample T-Test and Confidence Interval
Twosample T for 5S VA vs 5S Shoal
N
Mean StDev SE Mean
5S V A
10 19.14
2.07
0.65
5S Shoal 21
17.89
2.17
0.47
95% C.I. for mu 5S VA - mu 5S Shoal: (-0.45, 2.95)
T-Test mu 5S VA = mu 5S Shoal (vs not =): T= 1.55 P=0.14 DF= 18
MTB > TwoSample c5 c6
Segment 6
Two Sample T-Test and Confidence Interval
Twosample T for 6S VA vs 6S Shoal
N
Mean StDev SE Mean
6SV A
10 16.91
2.54
0.80
0.66
6S Shoal 27 15.81
3.41
95% C.I. for mu 6S VA - mu 6S Shoal: ( -1.06, 3.25)
T-Test mu 6S VA = mu 6S Shoal (vs not =): T= 1.06 P=0.30 DF= 21

A ppendix XI. Minitab TwoSample Comparison of Means Virginia Monitoring Program -vs- Shoal Survey
CHLOROPHYLL A

MTB > TwoSample 95.0 cl c2
Segment 2
Two Sample T-Test and Confidence Interval
Twosample T for 2C VA vs 2C Shoal
N
Mean StDev SE Mean
2C V A
10 7.78
3.83
1.2
2C Shoal
9 9.08
4.75
1.6
95% C.I. for mu 2C VA - mu 2C Shoal: ( -5.5, 3.0)
T-Test mu 2C VA = mu 2C Shoal (vs not =): T= -0.65 P=0.53 DF= 15
MTB > TwoSample 95.0 c3 c4
Segment 5
T>vo Sample T-Test and Confidence Interval
Twosample T for 5C VA vs 5C Shoal
N Mean
StDev SE Mean
5CVA
10 6.63
4.65
1.5
5C Shoal
18 11.37
4.90
1.2
95% C.I. for mu 5C VA - mu 5C Shoal: ( -8.7, -0.8)
T-Test mu 5C VA = mu 5C Shoal (vs not =): T= -2.53 P=0.020 DF= 19
MTB > TwoSample 95.0 c5 c6
Segment 6
Two Sample T-Test and Confidence Interval
Twosample T for 6C VA vs 6C Shoal
N Mean StDev SE Mean
6CVA
10
9.2
10.1
3.2
6C Shoal 27 19.5
12.4
2.4
95% C.I. for mu 6C VA - mu 6C Shoal: (-18.7, -2.0)
T-Test mu 6C VA = mu 6C Shoal (vs not =): T = -2.60 P=0.018 DF= 19

REFERENCES

REFERENCES
Agresti, Categorical Data Analysis. 1990, Wiley and Sons, New York.
Bernard R.F. 1983. Physiology and the Mariculture o f some Northeastern Pacific bivalve
molluscs. Canadian Special Publication o f Fisheries and Aquatic Science 63, 24 pp.
Brown J.R. and E.B. Hartwick. 1988. Habitat Suitability Index Model for Suspended Culture
o f the Pacific Oyster, Crassostrea gigas Thunberg. Aquaculture and Fisheries
Management, vol 19, 109-126.
Burreson, E.M. 1991. Effects o f Perkinsus marinus infection in the Eastern oyster,
Crassostrea virginica: I. Susceptibility of Natural and MSX Resistant Stock.
Journal o f Shellfish Research 10:417-423.
Cake, E.W. Jr. 1983 Habitat Suitability Index Models: Gulf of Mexico American Oyster.
U.S Department of Interior, Fish and Wildlife Service. Biological Services Program
FWS/OBS-82/10.57, 38 pp.
Chesapeake Bay Program Monitoring Subcommittee. 1989. The State o f the Chesapeake
Bay: Third Biennial Monitoring Report 1989.
Chesapeake Executive Council. 1988. Living Resources Monitoring Plan. Chesapeake Bay
Program: Agreement Commitment Report. Annapolis, Maryland.
Ford, S.E. 1985. Effects of Salinity on Survival of the MSX Parasite Haplosporidium
nelsoni\ (Haskin,Stauber, and Maskin) in Oysters. Journal of Shellfish Research 5:8590.
Ford, S.E. and Haskin H.H. 1988. Comparison o f In Vitro Salinity Tolerance of the Oyster
Parasite Haplosporidium nelsoni (MSX) and Hemocites from the host, Crassostrea
virginica. Comparative Biochemistry and Physiology 90A:183-187.
Galtsoff, P.S. 1964. The American Oyster Crassostrea virginica Gmelin. Fisheries Bulletin
64:355-388
General Assembly o f Virginia-1993, House Joint Resolution No.535.

89

90

Grignano, L.A. 1994. A GIS Spacial Analysis o f the Potential Conflict Between SAV
Management and Shellfish Aquaculture - Chesapeake Bay. Masters Thesis. Virginia
Institute o f Marine Science, College o f William and Mary, Gloucester Point,
Virginia.
Hargis, W.J., Jr. & D.S. Haven. 1988. Rehabilitation of the Troubled Oyster Industry of the
Lower Chesapeake Bay. Journal Shellfish Res. 7:271-179
Haskin . H.H. and S.E. Ford. 1982. Haplospridium nelsoni (MSX) on Delaware Bay seed
Oyster beds: a host-parasite relationship along a salinity gradient.
Journal Intvertebrae Pathology. 40:388-405.
Kator, Howard. 1993. Shellfish Microbiology: A Literature Review Including Conclusions
and Recommendations to Address Current and Future Research Needs. The Shellfish
Enhancement Task Force. Virginia Institute o f Marine Science, College o f William
and Mary, Gloucester Point, Virginia.
Kennedy V.S. 1991. Eastern Oyster, Crassostrea virginica, Habitat Requirements for
Chesapeake Bay Living Resources. The Chesapeake Bay Program.
Leonard D.L., Boutman M.A., and Harkness K.E. 1989. The Quality of Shellfish Growing
Waters on The East Coast of the United States. U.S. Department of Commerce,
National Oceanic and Atmospheric Administration.
Loosanoff. V.L. 1952. Behavior of Oysters in Water o f Low Salinities. Proc. National
Shellfish Assoc., 1952:135-151.
Loosanoff, V.L., Tommers. F.D. 1948. Effect of suspended silt and other substances on rate
o f feeding of oysters. Science 107(2768); 69-70.
Malouf R.E. and Breese W.P. 1977. Seasonal changes in the effects of temperature and water
flow rate on the growth o.f juvenile Pacific oysters, Crassostrea gigas, Thunberg.
Aquaculture 12: 1-13.
Mann R, E.M. Burreson, and P.K. Baker. 1991. The Decline of the Virginia Oyster Fishery
in the Chesapeake Bay: Considerations for Introduction of Non-endemic Species,
Crassostrea gigas (Thunberg 1793). Journal o f Shellfish Research, Volume 10,
No. 2, 379-388.
M ooneyhan W. 1985. Aquaculture Site Selection: Uses of Remote Sensing to Aid Site
Selection. Report of The Ninth International Training Course on Application of
Remote Sensing to Aquaculture and Inland Fisheries. Rome, Italy, 10-28 September
1984. FOA RSC Series 27: 209-211.

91

National Oceanic and Atmospheric Administration. 1991. The 1990 National Shellfish
Register of Classified Estuarine Waters. Rockville, Maryland. lOOp.
Neikirk, R.C. 1990. An investigation of Impediments to Commercial Shellfish Mariculture
of Marine Science, College of William and Mary, Gloucester Point, Virginia.
Newell, R.I. 1985. Physiological effects o f the MSX Parasite Haplosporidium nelsoni;
(Haskin, Stauber, and Maskin) on the American oyster Crcissostreci virginica
(Gmelin). Journal o f Shellfish Research 5:91-95.
Newell, R.I. 1988. Ecological Changes in Chesapeake Bay: Are They the Result of
Overharvesting the American Oyster, Crcissostreci virginica. Understanding the
Estuary: Advances in Chesapeake Bay Research. Proceedings of a Conference. 29-31
March 1988. Baltimore, Maryland. Chesapeake Research Consortium
Publication 129. CBP/TRS 24/88.
Nichols, M.M., S.C. Kim, C.M. Brouwer, C J. Klein, and S.E. Holiday. 1991. Sediment
Characterization o f the Chesapeake Bay and its Tributaries, Virginia Province.
National Estuarine Inventory: Supplement.
Parsons, J. 1974. Advantages in tray culture of Pacific oysters (Crassostrea gigas) in
Strangford Lough, N. Ireland. Aquaculture 3:221-229.
Paynter, K.T., and Burreson, E.M. 1991. Effects of Perkinsns marinas infection in the
eastern oyster Crassostrea virginica: II. Disease development and impact on growth
rate at different salinities. Journal o f Shellfish Research 10:425-431.
Paynter, K.T., M.E. Mallonee and S.H. Shriver. 1992. Cost Analysis of Floating Raft Oyster
Production in Chesapeake Bay. Journal o f Shellfish Research 11:163-167.
Paynter, K.T., and L. DiMichele. 1990. Growth of Tray Cultured Oysters (Crassostrea
virginica) in the Chesapeake Bay. Aquaculture 87:289-298.
Quayle D.B. 1969. Pacific Oyster Culture in BC. Fisheries Research Board of Canada
Bulletin 169, 192 pp.
Ragone, L.M., and E.M. Burreson. 1990. The Effect of Low Salinity Exposure on Perkinsus
marinas Infections in the Eastern oyster Crassostrea virginica. Journal of Shellfish
Research 8:470.
Ross L.G., et al. 1993. The Application o f Geographic Information Systems to Site Selection
o f Coastal Aquaculture - An Example Based on Salmonoid Cage Culture.
Aquaculture, 112: 165-178.

92

Schamberger, M. and Krohn W.B. 1982. Status o f the Habitat Evaluation Procedures.
Transactions of North American Wildlife and Natural Resource Conferences. 47:154164.
Schima F.J., et al. 1994. Groundwater Transport of Fecal Coliform Bacteria to Open Coastal
Waters o f Virginia's Coastal Plain: A GIS Approach. Virginia Polytechnic Institute
and State University, Blacksburg, Virginia.
Shellfish Enhancement Task Force. 1991. Man Versus Mollusk. Virginia Institute of Marine
Science, School o f Marine Science, College of William and Mary.
Shellfish Enhancement Task Force. 1992. Man Versus Mollusk.Virginia Institute of Marine
Science, School o f Marine Science, College of William and Mary.
Smith D.W. 1975. Manual for Assessment of Oyster Growing Areas. British Columbia
Marine Research Branch Fisheries Management Report 5, 10 pp.
Soniat, T.M. and M.S. Brody. 1986. A Field Test of The American Oyster Habitat Suitability
(HSI) Model. Journal Shellfish Res. 7:134
Stickney R.R., Principles o f Aquaculture. 1994, John Wiley & Sons, Inc., New York, New
Vork.
Therberge B. & R.C. Neikirk. 1987. Legal Constraints to Marine Aquaculture at the State
Level - The Virginia Example. Conference on G ulf & South Atlantic Fisheries Law
& Policy.
Therberge B. & R.C. Neikirk. 1987. A Survey and Ranking of Impediments to Marine
Aquaculture in Coastal States. Conference on Gulf & South Atlantic Fisheries Law
& Policy.
Urich, D.L., J.P. Ghaham and P.E. Kelly. 1986. Statewide Planning Using the Wildlife and
fish Habitat Relationships System. Wildlife Society Bulletin 14:22-30.
U.S.F.W.S. 1980. Habitat as a Basin for Environmental Assessment. Ecological Services.
Manual Division o f Ecological Services, USFWS, US Department of the Interior,
Washington, D.C.
U.S.F.W.S. 1991. Standards for the Development of Habitat Suitability Index Models.
Ecological Services, USFWS, US Department of the Interior, Washington, D.C.
Wilson, J.H. 1987. Environmental Parameters Controlling Growth of Ostrea edulis L and
Pecten maximus L. is Suspended Culture. Aquaculture 64:119-131.

VITA

ORELIA ELETA MERCHANT

Bom in New York. New York, 20 March 1971. Graduated from Castilleja School,
Palo Alto, California in 1988. Earned B.S. in Physics from Dillard University, New Orleans,
Louisiana in 1992. In 1993, she entered the M.A. Marine Science program at The Virginia
Institute of Marine Science (V.I.M.S.), College o f William and Mary. Her focus at V.I.M.S.
is coastal management and policy.

93

